Background: Gymnemic acids inhibit sweet taste responses in humans. Results: Gymnemic acids and glucuronic acid inhibited human sweet receptor T1R2 ϩ T1R3. Conclusion: Interaction between transmembrane domains of human T1R3 and the glucuronosyl group of gymnemic acids is mainly required for the sweet-suppressing effect. Significance: Our model may provide further insights into drug design to modify sensitivity of sweet receptor.
Gymnemic acids are triterpene glycosides that selectively suppress taste responses to various sweet substances in humans but not in mice. This sweet-suppressing effect of gymnemic acids is diminished by rinsing the tongue with ␥-cyclodextrin (␥-CD). However, little is known about the molecular mechanisms underlying the sweet-suppressing effect of gymnemic acids and the interaction between gymnemic acids versus sweet taste receptor and/or ␥-CD. To investigate whether gymnemic acids directly interact with human (h) sweet receptor hT1R2 ؉ hT1R3, we used the sweet receptor T1R2 ؉ T1R3 assay in transiently transfected HEK293 cells. Similar to previous studies in humans and mice, gymnemic acids (100 g/ml) inhibited the [Ca 2؉ ] i responses to sweet compounds in HEK293 cells heterologously expressing hT1R2 ؉ hT1R3 but not in those expressing the mouse (m) sweet receptor mT1R2 ؉ mT1R3. The effect of gymnemic acids rapidly disappeared after rinsing the HEK293 cells with ␥-CD. Using mixed species pairings of human and mouse sweet receptor subunits and chimeras, we determined that the transmembrane domain of hT1R3 was mainly required for the sweet-suppressing effect of gymnemic acids. Directed mutagenesis in the transmembrane domain of hT1R3 revealed that the interaction site for gymnemic acids shared the amino acid residues that determined the sensitivity to another sweet antagonist, lactisole. Glucuronic acid, which is the common structure of gymnemic acids, also reduced sensitivity to sweet compounds. In our models, gymnemic acids were predicted to dock to a binding pocket within the transmembrane domain of hT1R3.
Sweet taste mainly depends on the combination of the two receptors, taste type 1 receptor 2 (T1R2) and taste type 1 receptor 3 (T1R3) expressed in subsets of taste receptor cells on the tongue and palate (1, 2) . Each subunit belongs to the class C G protein-coupled receptor family, which includes the metabotropic glutamate receptors, the calcium-sensing receptor, and other taste/olfactory receptors (1) (2) (3) (4) (5) (6) (7) (8) (9) . On the basis of their sequence similarities to metabotropic glutamate receptors 1, 3, and 7 and rhodopsin (9 -11), T1R2 ϩ T1R3 have been proposed to consist of three main structural domains as follows: a large extracellular amino-terminal domain (ATD) 2 called the Venus flytrap module containing lobes 1 and 2, which can be in an "open" or "closed" conformation; the cysteine-rich linker domain (CRD); and the heptahelical transmembrane domain (TMD) (9) . The CRD connects the ATD and the TMD.
T1R2 ϩ T1R3 are responsible for the sensitivity to structurally diverse sweet compounds such as sugars, D-amino acids, peptides, and sweet-tasting proteins. Recent studies on chimera and mutation of the sweet taste receptor revealed multiple binding sites for its ligands. For example, artificial sweeteners aspartame and neotame and other low molecular weight sweet compounds interact with the binding site formed by the bottom of lobe 1 and the top of lobe 2 of ATD in hT1R2 (12, 13) . The taste-modifying protein neoculin binds the ATD of hT1R3 (14) . Sensitivity to brazzein requires the CRD of hT1R3 as well as the ATD of hT1R2 (15, 16) . The TMD of hT1R3 is required for sensitivity to cyclamate, neohesperidin dihydrochalcone, and the sweet inhibitor lactisole (17) (18) (19) .
Gymnemic acids (GAs) are saponins of triterpene glycoside isolated from the plant Gymnema sylvestre, which is native to central and western India (Fig. 1) . GAs are not a pure entity but are composed of several types of homologues (20) . It is known that GAs selectively suppress taste responses to various sweet compounds without affecting responses to salty, sour, and bitter substances for 30 -60 min after application of GAs in * This work was supported in whole or part by KAKENHI Grants 18109013, humans (21, 22) . The sweet-suppressing effect of GAs is specific to humans and chimpanzees; it has no effect on sweeteners for rodents (23) (24) (25) (26) (27) . This effect is diminished by rinsing the tongue with ␥-cyclodextrin (CD) (28 -30) . GAs also have other physiological effects such as inhibition of intestinal glucose absorption and lowering of plasma glucose and insulin levels (31) (32) (33) . Although it is thought that GAs bind to the sweet taste receptor, similar to another sweet antagonist, lactisole (18) , less is known about how GAs act as a sweet inhibitor.
In this study, we demonstrated, for the first time, the molecular mechanisms for the human-specific sweet-suppressing effect of GAs. GAs directly interact with hT1R2 ϩ hT1R3, and this interaction is inhibited by forming an inclusion complex between GAs and ␥-CD. The sensitivity to GAs depends mainly on the transmembrane domain of hT1R3 and cysteine-rich domain of hT1R2. The glucuronosyl group of GAs is the key component mediating the sweet-suppressing effect.
EXPERIMENTAL PROCEDURES
Purification of GAs-GAs are saponins with a triterpenoid structure, and more than 10 kinds of GAs and related compounds have been isolated (20, 30, 34) . Because of the difficulty and tediousness of the isolation of each GA, here we used a GA preparation (herein referred to as GAs to indicate several acids are in the mixture) obtained as described below without isolation of each GAs. G. sylvestre extract was comprised of an ethanol/water extract of G. sylvestre leaves. The extract was suspended in 10 ml of methanol, and the supernatant was treated with 2.5 M H 2 SO 4 to carry out acid precipitation at pH 2.5. The precipitate was dissolved in 30 ml of 25% methanol and applied to a Diaion HP20 column. The column was washed with 25% and then 50% methanol, and the preparation of GAs was eluted with 85% methanol. The GAs were analyzed as gymnemagenin, the aglycone of GAs. The obtained GAs were redissolved in 50% ethanol, and alkaline and acid hydrolyses were performed (31) . Gymnemagenin content was determined by high performance liquid chromatography on a C18 reversed-phase column with UV detection at 213 nm using a linear gradient of acetonitrile (25-50%) in 0.1% phosphoric acid (30, 34) .
Residue Numbering-The general numbering of residues in the TMD of T1R3 follows T1R3's primary sequence. Superscript residue numbers follow the generic numbering system of Ballesteros and Weinstein (35) .
Preparation of Chimeras and Point Mutations-Human TAS1Rs and G␣l6-gust44 expression constructs were generated in the pEF-DEST51 Gateway vector (Invitrogen) by genomic DNA-based methods as reported previously (36) . Mouse T1R2 and T1R3 were cloned as described previously (4, 37) . Construction of human/mouse chimeras of T1Rs was performed by PCR using overlapping primers (15, 38) . To subclone each gene into the vector, a Kozak cassette was introduced at the 5Ј end before the start codon. The integrity of all DNA constructs was confirmed by DNA sequencing.
Functional Expression-HEK293 cells were cultured at 37°C under a humidified atmosphere containing 5% CO 2 in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum. To obtain reproducible Ca 2ϩ responses, cells were split every 2 days before the cells became confluent. Cells were discarded after 2 months of passages, and new cells were prepared from frozen stock. For calcium imaging experiments, cells were seeded onto a 35-mm recording chamber. After 24 h at 37°C, confluent cells (60 and 70%) were washed in OptiMEM medium supplemented with GlutaMAX-I (Invitrogen), and plasmid DNAs were transiently cotransfected into HEK293 cells using Lipofectamine2000 reagent (Invitrogen) (2.0 l per 1.0 g of DNA). TAS1Rs (or their mutants) and G␣l6-gust44 were transfected using 0.3 g of plasmids for 35-mm recording chambers. Ca 2ϩ imaging assays were performed 24 h after transfection.
Single Cell Ca 2ϩ Imaging-A bath perfusion system was used for determination of the kinetics of activation. Transfected cells in 35-mm recording chambers were washed in Hanks' balanced salt solution containing 10 mM HEPES, pH 7.4, and loaded with 3.0 mM Fluo-4 acetoxymethyl ester (Invitrogen) for 3 min at 37°C. The dye-loaded cells were subjected to Ca 2ϩ imaging. Taste solutions diluted in Hanks' balanced salt solution were applied sequentially to the cells for 30 s with a peristaltic pump at a flow rate of 1.5 ml/min, and fluorescence images were obtained using an S Fluor 620/0.75 objective lens (Nikon, Tokyo, Japan) via a cooled CCD camera (C6790, Hamamatsu Photonics K.K., Shizuoka, Japan) fitted to a TE300 microscope (Nikon). AquaCosmos software (version 1.3, Hamamatsu Photonics K.K.) was used to acquire and analyze fluorescence images. A 5-min interval was maintained between each tastant's application to ensure that the cells were not desensitized as a result of the previous application of taste solutions. Responses were measured from 11 to 43 individual responding cells. Compounds were saccharin (10 mM), SC45647 (0.3 mM), aspartame (10 mM), sodium cyclamate (30 mM), D-tryptophan (10 mM), lactisole (0.01, 0.03, 0.1, 0.3, 1, and 3 mM), and D-glucuronic acid sodium salt monohydrate (3, 10, 30, 50, 100, 200, and 300 mM). GAs (0.3, 1, 3, 10, 30, 50, and 100 g/ml) and CD (0.01, 0.03, 0.1, 0.3, and 1 mM) were applied to the HEK293 cells for 3 and 2 min, respectively. Isoproterenol (10 M) was used as positive control, which stimulates endogenous ␤-adrenergic receptors, providing that the G␣16-dependent signal transduction cascade was functional. The data were expressed as the mean Ϯ S.E. of the ⌬F/F 0 value and used for statistical analysis. EC 50 and IC 50 values were calculated from individual cumulative concentration-response data using curving-fitting routines of KaleidaGraph 4.0 (Synergy Software Inc., Essex Junction, VT). Differential inhibition of sweet compounds by GAs in wild-type receptors and in each of the chimeras was assessed in comparison with the control (before application of GAs) using a paired t test, and statistical significance was set at p Ͻ 0.05. To evaluate the effects of GAs, lactisole, and glucuronic acid on sweet responses statistically, changes in mutants compared with the wild-type control were statistically analyzed with one-way analysis of variance (ANOVA) and the post-hoc Tukey-Kramer method, with significance set at p Ͻ 0.05. A two-way ANOVA was conducted to analyze for the effect of GAs on the dose-response data in saccharin. An identical analysis was conducted to test for effects of CDs. All calculations were performed using the statistical software package IBM SPSS Statistics (IBM, New York).
Molecular Modeling-Based on the sequence alignment reported by previous studies (13, 18, 39) , homology models of human/mouse T1Rs and their chimeras were constructed by residue replacement using the Modeler (40) as templates of metabotropic glutamate receptors (9, 10, 41) . Structure of GA I, lactisole, and glucuronic acid were obtained from ZINC version12 (42) . GA II, III, and IV were generated from Facio for the GAMESS/fragment molecular orbital method (43-45) based on the structure of GA I. GAs, lactisole, and glucuronic acid were introduced into models by using the program Autodock 4.0 (46) . The models were viewed in UCSF Chimera 1.6.1 (47) .
RESULTS

Sweet-suppressing Effect of GAs Requires the CRD of hT1R2
and TMD of hT1R3-In human psychophysiological studies, GAs inhibit taste sensitivity to the sweet compounds (22) . To examine whether GAs directly interact with the human sweet receptor, we expressed hT1R2 ϩ hT1R3 by transient transfection in HEK293 cells along with G␣16-gust44 and then monitored activity (calcium mobilization) to the various sweet compounds before and after application of GAs. GAs inhibited the [Ca 2ϩ ] i responses of hT1R2 ϩ hT1R3-expressing HEK293 cells to SC45647, saccharin, aspartame, cyclamate, D-tryptophan, and sucrose (Figs. 2 and 3) . Calcium responses to saccharin were inhibited by GAs in a concentration-dependent manner (Fig. 11) . After unit conversion from nanomolar to micrograms/ml to compare the potency, the IC 50 value of GAs was smaller than that of lactisole, another inhibitor of the human sweet receptor. This indicated that GAs have high potency as compared with lactisole (Table 1) . GAs did not alter the EC 50 values for saccharin but reduced the magnitude of responses (Fig. 4) , suggesting that GAs are noncompetitive inhibitors of saccharin. The sweet-suppressing effect of GAs (100 g/ml) was diminished by rinsing cells with 10 mM ␥-CD but not with ␣-and ␤-CD (Fig. 5 ). Similar to electrophysiological and behavioral studies in mice, sweet responses of HEK293 cells expressing the mouse sweet receptor (mT1R2 ϩ mT1R3) were not suppressed by GAs (Fig. 6 ). To determine whether one or both hT1R subunits are needed for sensitivity to GAs, we examined the responses of human/mouse mismatched heterodimers to saccharin before and after application of GAs. One mismatched , and saccharin (10 mM Sac). After application of GAs (100 g/ml), responses to saccharin were inhibited. This cell showed sensitivity to isoproterenol (10 M Iso). FIGURE 3. GAs blocked or reduced the activity of all sweeteners tested. The human sweet receptor (hT1R2 ϩ hT1R3) was expressed in HEK293 cells along with a reporter G protein (G16-gust44). Calcium mobilization was measured in response to each of the following sweeteners before and after application of GAs (100 g/ml): SC45647 (0.3 mM), saccharin (10 mM), cyclamate (30 mM), D-tryptophan (10 mM), and sucrose (100 mM). GAs blocked or reduced responses to all sweeteners. Data are expressed as means Ϯ S.E. of 20 -28 cells. Paired t test: ***, p Ͻ 0.001. pair (hT1R2 ϩ mT1R3) was not sensitive to GAs (Fig. 6 ). As described previously (15, 17, 18) , the other mismatched pair (mT1R2 ϩ hT1R3) does not produce a functional receptor. These results demonstrate that hT1R3 is required for sensitivity of GAs.
To identify potential portions of hT1R2 and hT1R3 required for the sensitivity to GAs, we first examined responses of hT1R2 ϩ human/mouse T1R3 chimeras in which varying portions of hT1R3 were fused with the complementary portion of mT1R3. Heterodimers of hT1R2 plus T1R3 chimeras containing the extracellular region of hT1R3 coupled to the TMD of mT1R3 (T1R3HHM) did not show sensitivity to GAs (Fig. 7) . However, heterodimers of hT1R2 ϩ T1R3 chimeras containing the extracellular region of mT1R3 fused with the TMD of hT1R3 (T1R3MMH) showed sensitivity to GAs. These results indicate that the sweet-suppressing effect of GAs requires the TMD of hT1R3. To determine whether hT1R2 is required for sensitivity to GAs, we examined the responses to saccharin of the mT1R3 chimera (T1R3MMH) paired with mT1R2 before and after application of GAs. This combination elicited responses to saccharin after application of GA (Fig. 7) , indicating the absence of sensitivity for GAs. This suggests that hT1R2 may also be required for the sensitivity of GAs. Using combinations of full-length or chimeras of T1R2 and T1R3, we demonstrated that some combinations showed sensitivity to GAs (T1R2MMH ϩ T1R3MMH, mT1R2 ϩ T1R3MHH, T1R2MHM ϩ T1R3MMH, and T1R2HHM ϩ T1E3MMH) (Fig.  7) . These results indicate that the ATD ϩ CRD of hT1R2, the TMD of hT1R2 or the CRD of hT1R3 affect sensitivity to GAs.
To identify the portion of the TMD of hT1R3 required for sensitivity to GAs, we examined the sensitivity of GAs in chimeras of T1R3 containing the ATD of hT1R3 along with varying portions of the TMD of hT1R3 fused with the complementary portion of mT1R3 in combination with hT1R2 (Fig. 8) . All heterodimers of hT1R2 ϩ these T1R3 chimeras responded to saccharin. The heterodimer of hT1R2 ϩ T1R3 chimera containing the extracellular domain and entire TMD from hT1R3 (i.e. hT1R2h.1-604.mT1R3) showed [Ca 2ϩ ] i responses to saccharin after application of GAs. Heterodimers of hT1R2 with T1R3 chimeras containing the hT1R3 ATD and hT1R3 TM helices 1-7 (i.e. hT1R2h.1-812.mT1R3) exhibited sensitivity to GAs. Heterodimers of hT1R2 with T1R3 chimeras containing the hT1R3 ATD and TM helices 1-6 (i.e. hT1R2h.1- a ND means data unable to be experimentally defined.
FIGURE 4. Dose-response curves for saccharin before and after application of GAs. The human sweet receptor (hT1R2 ϩ hT1R3) was expressed in HEK293 cells along with a reporter G-protein (G16-gust44). Calcium mobilization was measured in response to a concentration series of saccharin solutions before and after application of GAs (10 g/ml). Data are expressed as means Ϯ S.E. of 23 cells. There was a significant effect (p Ͻ 0.0001) before and after application of GAs, as assessed by two-way analysis of variance (ANOVA, F (2, 44) ϭ 19.47). EC 50 values are shown with red (after) and black (before) arrowheads.
FIGURE 5. Interaction between GAs and each of CDs. Percent changes of [Ca 2ϩ
] i responses to 10 mM saccharin before and after application of 100 g/ml GAs followed by ␣-CD (E), ␤-CD (Ⅺ), or ␥-CD (छ) (before ϭ 1.0). After application of GAs (100 g/ml) followed by each of the CDs, only ␥-CD showed a restorative effect in HEK293 cells expressing hT1R2 ϩ hT1R3. Data are expressed as means Ϯ S.E. ANOVA (F (2, 84) ϭ 14.71) was followed by TukeyKramer method. **, p Ͻ 0.01.
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.mT1R3) or TM helices 1-5 (i.e. hT1R2h.1-751.mT1R3) showed weak suppression by GAs. Heterodimers of hT1R2 with T1R3 chimeras containing the hT1R3 ATD and hT1R3 TM helices 1-2 (i.e. hT1R2h.1-638.mT1R3) and TM helices 1-4 (i.e. hT1R2h.1-711.mT1R3) did not show sensitivity to GAs. These results indicate that the sweet-suppressing effect of GAs requires human-specific residues within or adjacent to human TM helices 5-7.
Molecular Modeling of T1Rs and GAs-We performed molecularly modeled sweet receptors (human/mouse T1R2 and T1R3 and their chimeras) and performed docking simulations between whole parts of these receptors and GAs. GAs are composed of several types of homologues. Among derivatives, we generated the structures of GA I to IV known as sweet inhibitors (48) . In our simulations, we could not observe models in which GAs interact with putative binding sites in sweet receptors (Venus flytrap modules of T1R2 and T1R3 and TMD of T1R2 and T1R3) except for TMD of hT1R3. We also performed docking simulations between CRD of T1Rs and GAs, but species-specific binding models were not observed. These results predicted that the main binding site for GAs is TMD of hT1R3. In docking experiments between TMD of hT1R3 and each of GA I-IV, each model showed similar docking features (Figs. 9 and 10). As reported previously, lactisole interacts with TMD of hT1R3 and is predicted to dock to a binding pocket within the TMD that includes key residues that, when mutated, reduced the sensitivity to lactisole (18) . In our model, GAs were docked with the binding pocket within hT1R3-TMD, including key residues (Ala-733 5.46 in TM5, Leu-798 7.36 in TM7, His-641 3.33 in TM3, and Phe-778 6.51 in TM6) responsible for sensitivity to lactisole. His-641 3.33 in TM helix 3 and Phe-778 6.51 in TM helix 6 were close to the carboxyl group and the triterpene structure of GAs (3-5 Å) (Fig. 9) . Based on our models, we examined the sensitivity to GAs with mutations that reduced sensitivity to lactisole in a previous study (18 6.51 A) in response to 10 mM saccharin significantly reduced the sensitivities to lactisole (Fig. 11 and Tables 1 and 2 ). The sweet-suppressing effects of GAs to various sweet com- pounds were also reduced in these mutants except for one residue; the mutation of F778 6.51 A moderately reduced or did not affect sensitivity to GAs, although this mutation abolished sensitivity to lactisole (Fig. 11 and Tables 1 and 2 ). Based on molecular modeling and mutation analysis, the interaction site for GAs shared the same binding pocket, including key residues that determined the sensitivity to lactisole (Figs. 9 and 10 ). We also found that Arg-723 ex2-51 and Arg-725 ex2-53 in extracellular loop (EL) 2 are close to the main structure and glucuronosyl group of GAs, respectively. Therefore, we mutated Arg-723 ex2-51 and Arg-725 ex2-53 to alanine to test whether the positively charged groups have a detrimental effect on the activity of GAs. Indeed, mutations of Arg-723 ex2-51 and Arg-725 ex2-53 modestly and greatly reduced sensitivity to GAs, respectively. Next, to examine which group of GAs is important for sweet antagonism, we used glucuronic acid, which is the common component of GAs and binds with the key residues that reduced sensitivity to GAs in our molecular model (Figs. 1, 9 , and 10). As a result, glucuronic acid showed a suppressing effect in a concentration-dependent manner with a mixture of 10 mM saccharin, although glucuronic acid did not suppress responses to sweet compounds after washing out ( Fig. 11 and Tables 1 and  2 , and data not shown). In mutation analysis, A733
5.46 V, 3.33 A, and F778 6.51 A reduced sensitivity to glucuronic acid ( Fig. 11 and Tables 1 and 2 ).
DISCUSSION
Sweet-suppressing Effect of GAs and the Recovery by ␥-CD-
Based on our pilot studies, GAs induced nonspecific responses in HEK293 cells in the absence of transfected receptor DNAs. To clarify the effect of GAs, we used single cell Ca 2ϩ imaging and examined responses to sweeteners before and after application of GAs. It is known that GAs suppress perception of the sweet taste in humans but not in rodents (22, 26) . In this study, we confirmed the species-specific effect of GAs showing that GAs interact with the human, but not mouse, sweet receptor. The suppressive effect of GAs in psychophysical studies is long lasting in humans (30 -60 min) (21, 22) , whereas the effect of lactisole was abolished immediately after washing out. In our assay, the sweet-suppressing effect of GAs lasts at least about 8 min despite the continuous washing out of the cell surface (Fig.  2) , indicating a moderately long lasting effect of GAs. This lasting effect of GAs suggests that GAs might inhibit T1Rs not only extracellularly but also intracellularly. To evaluate this hypothesis, we examined potential interaction between GAs and each of the CDs. The results indicated that the sweet-suppressing effect of GAs was diminished immediately after rinsing the cells with ␥-CD but not with ␣-and ␤-CD. This rapid recovery suggests that GAs may act on the receptor sites but not intracellular sites of the cells. CDs belong to a family of cyclic oligosaccharides with ␣-1,4 bonds. It is known that CDs form inclusion complexes with a wide variety of guest molecules, ranging from organic or inorganic compounds of neutral or ionic nature to FIGURE 11. Sensitivity to GAs depends on specific residues within the TMD and EL2 of hT1R3. HEK293 cells were transiently transfected with hT1R2, hT1R3 WT or mutant (R723A, R725A, A733V, L798I, H641A, and F778A), and G␣16-gust44. The responses of the receptors to saccharin (10 mM), SC45647 (0.3 mM), D-tryptophan (10 mM), aspartame (10 mM), and cyclamate (30 mM) before and after application of GAs and the responses to saccharin (10 mM) with or without lactisole and glucuronic acid were examined. Values are means Ϯ S.E. of 11-43 cells.
noble gases (49) . Because of the relatively high hydrophobicity and size of the cavity formed by the internal cyclic structure of CDs, chemical compounds with aromatic rings are suggested to be the best fitting guest molecules (50, 51) . A previous chemical study using isothermal titration calorimetry, NMR, and dynamic light scattering demonstrated that ␥-CD formed inclusion complexes with GAs (30). In our model, hydrophilic and hydrophobic groups of GAs interact with the inside and outside portion of the transmembrane domain of hT1R3, respectively. Our results suggest that ␥-CD accesses the hydrophobic group of GAs from outside the receptor, and the observed reduction of the effects of GAs may be due to steric hindrance by inclusion complexes of GAs with ␥-CD that may interfere with binding the GAs to human sweet taste receptors.
Interaction Site for Sweet-suppressing Effect of GAs-In this and previous heterologous expression studies, mismatched pair, chimera, and point mutation of sweet receptor and using different G␣ subunits, G␣16-gust44 instead of Gnat3 may lead to different sensitivities to sweet compounds and sweet inhibitors due to conformational changes of whole receptors. Although such possibilities may affect results in this and previous studies, we demonstrated that the TMD of hT1R3 was required for sensitivity of GAs. In addition, the ATD ϩ CRD of hT1R2, the TMD of hT1R2, or the CRD of hT1R3 were partially involved in sensitivity to GAs. As reported previously, some sweeteners interact with multiple domains of T1R2 ϩ T1R3. For example, the activity of the protein sweetener brazzein depends on residues in ATD of hT1R2 and in CRD of hT1R3 (15, 16) . Moreover, sucralose and some natural sugars have been proposed to interact with both subunits. To other artificial sweeteners, aspartame and neotame bind only to the T1R2-ATD (12, 52) . In the case of GAs, the main target may be the TMD of hT1R3 because the mutation of hT1R3-TMD, which affected sensitivity to lactisole, also reduced sensitivity to GAs except for one mutation. This indicates that the interaction site for GAs shared the same binding pocket, including key residues (Ala-733 5.46 in TM5, Leu-798 7.36 in TM7, His-641 3.33 in TM3, and Phe-778 6.51 in TM6), which determined the sensitivity to lactisole. We speculate that in addition to the TMD of hT1T3, the ATD ϩ CRD of hT1R2, TMD of hT1R2, or the CRDs of hT1R3 are partially involved in maintaining a proper conformation of hT1R3 for the interaction with GA. Although these domains may contain another direct interaction site for GA, we could not observe species-specific binding models between T1Rs and each of the GAs except for the TMD of hT1R3 in docking simulation. The reason why the heterodimer of mT1R2 and T1R3MMH does not show sensitivity to GAs is considered to be caused by the steric hindrance through the conformational change by the receptor-receptor interaction when these receptors form a heterodimer.
Although GAs are composed of several types of derivatives, all of the GAs tested showed similar features of molecular binding, indicating that these derivatives inhibit activation of sweet receptors through the common molecular mechanism. The sweet-suppressing effect of GAs is known to differ among derivatives (GA I, GA II Ͼ GA III Ͼ GA IV) (41) . In our models, we could not find any particular interaction site that may cause differences in sensitivity of the sweet-suppressing effect among derivatives.
Glucuronic acid, which is the common component of GAs, also reduced sensitivities to sweet compounds, suggesting that the glucuronosyl group of GAs is important for the sweet-suppressing effect. These results are consistent with our molecular model.
How within TM3 is likely protonated, and its positive charge was predicted to form a salt bridge with the negatively charged carboxyl group of lactisole (18) . In our models, the carboxyl group in the glucuronosyl group of GAs also binds with His-641 3.33 by forming a salt bridge. Alanine substitution of His-641 3.33 would eliminate this potential salt bridge, explaining the total loss of sensitivity to GAs in this mutant.
Within TM helix 5, replacement of Ala-733 5.46 by valine (the mouse equivalent) greatly reduced the receptor's sensitivity to GAs as well as to lactisole. In our model, the glucuronosyl group of GAs is in close proximity with the side chain of Ala-733 5.46 . Larger aliphatic side chains at this position are likely to reduce sensitivity toward GAs, glucuronic acid, and lactisole by their steric effects.
Within TM helix 6, replacement of Phe-778 6.51 with alanine had modest or no effect on sensitivity to GAs, although this mutant greatly reduced the receptor's sensitivity to lactisole. Our molecular models suggest that Phe-778 6.51 is close to the phenoxyl ring of lactisole to form a -interaction similarly to a previous study (18) , although GAs do not make this interaction (Figs. 9 and 10) . So, our models are consistent with the results from mutant analysis. This residue would not be a common site for sweet receptor antagonists.
Replacement of Arg-723 ex2-51 in EL2 with alanine reduced sensitivity to GAs as well as lactisole. In our models, Arg-723 ex2-51 interacts with hydroxyl groups of triterpene structures of GAs, although lactisole does not interact with this residue. Replacement of this residue may cause conformational change of the entrance of the binding site and interfere with the access of sweet inhibitors to the binding site.
Alanine replacement of Arg-725 ex2-53 in EL2 greatly reduced sensitivity to GAs, although this mutant had moderate effects on sensitivity to lactisole. In our molecular model, the negatively charged carboxyl group of GAs forms salt bridges with a positive charge of Arg-725 ex2-53 . We also speculate that the long lasting effect of GAs was due to high binding affinity with the human sweet receptor by this salt bridge as compared with lactisole's effect, which is diminished rapidly after washing out.
In our molecular model, GAs interact with the binding pocket formed by TM helices 3, 5, and 6 in hT1R3, which places the triterpene group of GAs in close proximity with the side chain of these residues. It could be proposed that GAs inactivate the receptor in a series of multiple step binding events per T1R2/T1R3 pair. However, less is known about such a complex inactivation scheme. Our results may not only provide insights into molecular mechanisms for the interaction of this G protein-coupled receptor with agonists and antagonists but may also be useful in the development of artificial sweeteners and sweet inhibitors.
